Background-Neuropsychological comorbidities, including anxiety symptoms, accompany obstructive sleep apnea (OSA); structural and functional brain alterations also occur in the syndrome. The objective was to determine if OSA patients expressing anxiety symptoms show injury in specific brain sites.
INTRODUCTION
Obstructive sleep apnea (OSA) patients show multiple physiological deficits and several neuropsychological comorbidities, including cognitive deficits and anxiety symptoms [1] [2] [3] , the latter affecting 12-17% of adult OSA patients [4, 5] . The psychological symptoms may partially stem from daytime sleepiness or sleep deprivation accompanying the syndrome [6] , but many deficits remain after apnea and arousal resolution [7, 8] . Since emotional deficits remain, sleep deprivation or repeated arousals are unlikely solely responsible for the psychological issues.
Routine magnetic resonance imaging (MRI) shows no obvious brain pathology in OSA subjects, except for white matter infarcts [9] or cerebellar injury [10] . Despite the absence of major gray matter injury, volumetric assessments show tissue loss in autonomic, motor, emotional, and cognitive areas [11, 12] . Gray matter volume loss differs between studies [11, 13] , with outcomes likely dependent on patient selection criteria, statistical processing, syndrome intervention, and duration-of-condition issues [14] . Reduced brain metabolites, including N-acetylaspartate and choline appear in multiple regions in adult OSA [15, 16] , and in the hippocampus and frontal cortex of pediatric OSA patients [17, 18] . Functional MRI deficits also emerge to autonomic and ventilatory challenges in regions of structural injury [19] [20] [21] [22] , indicating that the damage can alter neural processing within affected structures.
Brain structural injury, functional, and metabolic deficits in OSA occur in limbic regions classically associated with negative emotions, such as the amygdala, hippocampus, insular, and cingulate cortices [23, 24] . These sites help mediate emotional behaviors such as fear (amygdala, hippocampus) [24, 25] and dyspnea (insula, cingulate cortex) [26, 27] . However, the processes underlying the injury are unclear.
Magnetic resonance T2-relaxometry can evaluate white and gray matter injury, and assess free water content in tissue [28] , a measure that increases with tissue injury, such as damage to myelin, axons, cell bodies, and membranes. Increased T2-relaxation values can result from sub-acute processes, such as vasogenic edema after hypoxia-ischemia [29] , as well as chronic pathologic conditions, including long-lasting ischemia [30] , gliosis [31] , and demyelination [32] . T2-relaxometry has identified tissue changes, not visible on routine MRI, in several brain conditions [33] [34] [35] , and may be useful to evaluate the nature and extent of structural injury associated with anxiety in OSA subjects.
The aim was to determine whether brain regions showing structural deficits in OSA patients with anxiety symptoms differ from those without such symptoms.
MATERIALS AND METHODS

Subjects
Forty-six OSA (mean age ± SD: 46.8 ± 9.3 years; male: 36) and 66 control subjects (47.1 ± 8.9 years; male: 43) participated. OSA subjects were recruited from the University of California at Los Angeles (UCLA) accredited sleep laboratory. OSA subjects were newly-diagnosed via overnight polysomnography (apnea-hypopnea-index > 5), and were untreated. None had histories of psychiatric disorders, and were not evaluated with DSM-IV criteria during this study. Exclusion criteria included use of cardiovascular-altering medications (β-blockers, α-agonists, angiotension-converting enzyme inhibitors, vasodilators), mood altering drugs, e.g., serotonin reuptake inhibitors, or history of stroke, heart failure, diagnosed brain disorders, metallic implants, or body-weight > 125 kg (scanner limitation). Control subjects were interviewed, with their co-sleeper when possible, to screen for undiagnosed OSA, and referred for polysomnography if OSA was suspected. Control subjects were compatible with the MRI scanner environment, without medications that alter neural functioning, and recruited through the UCLA campus.
The study protocol was approved by the Institutional Review Board at UCLA, and all subjects gave written consent prior to the study.
Anxiety symptoms
The Beck Anxiety Inventory (BAI) was administered to all subjects; BAI scores of 0-9 are considered "normal," 10-18, "mild-to-moderately anxious," 19-29, "moderate-to-severe," and > 30, "severely" anxious [36] . OSA and control subjects with BAI > 9 were categorized "anxious," and < 10 were classified as "non-anxious." Anxious OSA subjects were further categorized as mild-to-moderate (BAI < 19) and moderate-to-severe anxious (BAI > 18).
Daytime sleepiness and sleep quality
All subjects were evaluated for daytime sleepiness with the Epworth Sleepiness Scale (ESS), and sleep quality with the Pittsburg Sleep Quality Index (PSQI). Both measures are selfadministered questionnaires and are commonly-used indices of daytime sleepiness and sleep quality [37] .
Depressive symptoms
Depressive symptoms were measured in both groups using the Beck Depression Inventory (BDI)-II [38] . The BDI-II is a self-administered questionnaire, with scores ranging from 0-63, based on depressive symptom severity.
Magnetic resonance imaging
Brain images were collected using a 3.0 Tesla MRI unit (Siemens, Erlangen, Germany). Proton-density (PD) and T2-weighted images [repetition-time (TR) = 10,000 ms; echo-time (TE1, TE2) = 17, 134 ms; flip-angle (FA) = 130°; matrix-size = 256 × 256; field-of-view = 230 × 230 mm; slice-thickness = 4.0 mm] were collected, covering the entire brain, using a dual-echo turbo-spin-echo pulse sequence in the axial plane. High-resolution T1-weighted images were collected using a magnetization-prepared-rapid-acquisition-gradient-echo sequence (TR = 2200 ms; TE = 2.2 ms; inversion-time = 900 ms; FA = 9°; matrix-size = 256 × 256; field-of-view = 230 × 230 mm; slice-thickness = 1.0 mm) for background images and evaluation of anatomical defects.
Data evaluation and processing
Individual brain images were visually assessed for brain pathology, e.g., cystic or other lesions before data processing. Proton-density and T2-weighted images were also examined for motion artifacts.
Data were processed using the statistical parametric mapping package SPM5 (http:// www.fil.ion.ucl.ac.uk/spm/), and Matlab-based (The MathWorks Inc, Natick, MA) custom software. Using PD-and T2-weighted images, voxel-by-voxel T2-relaxation time values were calculated [33] , and whole brain T2 "maps" were constructed, consisting of T2-relaxation values at each voxel. These T2 maps were normalized to Montreal Neurological Institute (MNI) space, based on T2-weighted images of each subject, using a priori-defined distributions of tissue types, and smoothed (Gaussian filter, full-width-at-half-maximum = 10 mm).
High-resolution T1-weighted images of all subjects were normalized to the MNI template, and averaged to create a mean anatomical image for structural identification.
Data analysis
Subject characteristics-Demographic data and characteristics were analyzed with the Statistical Package for the Social Sciences (SPSS, V 15.0, Chicago, IL). Numerical data were compared using independent-samples t-tests, categorical measures with the Chi-square test, and correlation analyses were performed using Pearson's correlation.
Voxel-based-relaxometry-We used voxel-based-relaxometry (VBR) procedures, which enable comparisons of T2-relaxation values voxel-by-voxel across the entire brain for identification of structural differences [39] . The normalized and smoothed T2-relaxation maps were compared between anxious vs non-anxious OSA, anxious OSA vs non-anxious controls, and anxious vs non-anxious controls at each voxel, using analysis-of-covariance (covariates; age and gender). Statistical parametric maps showing regions of significant T2-relaxation value differences between anxious vs non-anxious OSA were displayed (p < 0.003, uncorrected). The uncorrected threshold determines a t-value statistical threshold; the statistical threshold derived from anxious vs non-anxious OSA was applied to other group comparisons. The regions of significant T2-relaxation value differences were superimposed onto the background image for anatomical identification.
Region-of-interest and linear regression analyses-Region-of-interest (ROI) analyses were performed to determine the magnitude of T2-relaxation values for distinct brain locations identified as abnormal from the VBR procedures. Regions-of-interest masks were created for all distinct brain locations using clusters identified by the VBR procedures, and used to derive T2-relaxation values from each individual's normalized and smoothed T2-relaxation maps. Group differences for different areas were evaluated using multivariate analysis-of-covariance (covariates; age and gender). T2-relaxation values for different brain sites, derived from ROI analysis, were also compared between mild-to-moderate anxious vs non-anxious OSA, and moderate-to-severe anxious vs non-anxious OSA groups using multivariate analysis-of-covariance, with age and gender included as covariates.
Linear regression analysis determined effects of clinical and demographic variables on injury using T2-relaxation values derived from ROI measures with anxious and non-anxious OSA subjects. The dependent variable was the T2-relaxation value for the specific brain ROI, and independent variables were those clinical (including sleep parameters) or demographic variables which were statistically significant on the bivariate analyses.
RESULTS
Subject characteristics
Demographic, polysomnographic, sleep, and psychological variables for all anxious and non-anxious subjects are summarized in Table 1 ; additional comorbidities and other variables of OSA subjects which may contribute to brain injury are summarized in Table 2 . No significant correlations emerged between BAI and AHI in anxious and non-anxious OSA subjects (r = -0.13, p = 0.39).
Voxel-based-relaxometry
Several brain areas in anxious OSA subjects showed higher T2-relaxation values compared to non-anxious OSA subjects. However, no sites showed higher T2 values in non-anxious vs anxious OSA subjects. Regions with prolonged T2-relaxation values in anxious OSA subjects emerged in the anterior ( Anxious OSA vs non-anxious control subjects showed higher T2-relaxation values in the bilateral insular cortices (Fig. 3A , B, F, I), caudate nuclei (Fig. 3G , K, N), anterior fornix ( Fig. 3C, H ), left anterior thalamus (Fig. 3D , L), ventral medial prefrontal cortex (Fig. 3M) , right anterior limb of internal capsule (Fig. 4A ), left mid hippocampus and nearby white matter ( Fig. 4D ), bilateral dorsal temporal cortex and surrounding white matter ( Fig. 3E ; Fig. 4C , E, I), bilateral parietal cortices ( Fig. 3J; Fig. 4B , F, G, J), and right dorsal frontal (Fig. 4H ) cortex. Non-anxious controls showed no brain sites with higher T2-relaxation values than anxious OSA subjects.
Compared to non-anxious controls, increased T2-relaxation values in anxious controls appeared in the ventrolateral temporal cortex (Fig. 5A, B) , and dorsal frontal cortex (Fig.  5C, D) . No brain regions emerged with higher T2-relaxation values in non-anxious vs anxious control subjects.
Region-of-interest and linear regression analyses
T2-relaxation values extracted from distinct brain locations from anxious and non-anxious groups are summarized in Table 3 . Significantly higher T2-relaxation values appeared in multiple brain regions of anxious groups, and areas showing differences are consistent with the VBR findings.
Mean T2-relaxation values for mild-to-moderate and moderate-to-severe anxious OSA subjects are summarized in Table 4 . Moderate-to-severe anxious OSA subjects showed more structural deficits and more severe injury than the mild-to-moderate anxious OSA subjects.
Using age, PSQI, AHI, oxygen desaturation, BAI, and BDI-II scores as covariates, linear regression analyses in anxious and non-anxious OSA subjects showed that BAI and age are independent predictors of brain injury, with increased T2-relaxation values in the left anterior and mid-cingulate, bilateral insular cortices, and bilateral parietal cortices and nearby white matter. BDI-II and age were independent predictors of brain damage in the right anterior and mid-cingulate cortex, the subgenu of the cingulate cortex extending to the ventral medial prefrontal cortex, and left hippocampus extending to amygdala. BAI alone was an independent predictor for right ventral temporal lobe injury (Table 5 ).
DISCUSSION Overview
Anxious OSA subjects showed damage in multiple brain sites compared to non-anxious OSA subjects, as indicated by prolonged T2-relaxation values. Most of these sites serve roles in processing emotion, including anxiety, or physiology, e.g., blood pressure changes accompanying emotion. The affected brain regions included the ventral medial prefrontal, cingulate, parietal and insular cortices, and the uncus of the hippocampal formation, extending to the amygdala; many of these sites also show functional deficits to autonomic and respiratory challenges in OSA subjects [19] [20] [21] [22] , and overlapped areas of gray matter loss [11] . Injured brain regions also appeared when anxious OSA were compared with nonanxious controls; these regions included the caudate nuclei, insular cortices, anterior fornix, anterior thalamus, internal capsule, mid hippocampus, ventral medial prefrontal, dorsal frontal, temporal, and parietal cortices. Brain areas, such as the caudate nuclei and anterior fornix principally show functional deficits rather than structural injury in OSA reports, but had been noted as structurally affected in adult [40] and hypoxic-ischemic neonatal mouse models of OSA [41] .
Anxiety-related injury and breathing
Anxious OSA subjects showed neural injury in areas that regulate fear emotion, cognition, sensory and motor action; some structures also assist autonomic and somatic motor systems, including breathing control [42] [43] [44] [45] . Anxious vs non-anxious OSA group comparisons allowed evaluation of anxiety effects over injury from OSA alone. The regions impacted by anxiety included the insular, cingulate, parietal and prefrontal cortices, and hippocampus and amygdala. However, additional brain regions appeared when comparing anxious OSA vs non-anxious controls, and revealed sites primarily affected by OSA, and included the caudate nuclei, anterior fornix, thalamus, mid hippocampus, internal capsule, and areas within the temporal and frontal cortices. Damage to the caudate nuclei, septum, and basal forebrain, and cell loss from dose-dependent hypoxia in the hippocampus occurs in intermittent hypoxic models [40, 46] . Basal ganglia structures are especially susceptible to other hypoxic damage, such as carbon monoxide poisoning [47] ; intermittent hypoxia accompanying OSA may contribute to the basal ganglia and septal injury. The septum contributes to both negative and pleasurable emotional behavior, with rage accompanying septal damage in rodents [48] , and stimulation related to reward [49] . Roles for the fornix fibers in emotion, some projecting to the septum [50] , are unclear, but may assist inhibition of negative emotions from the hippocampus.
Common injured sites appeared in anxious vs non-anxious OSA, and anxious OSA vs nonanxious controls, including the bilateral insular cortices, ventral medial prefrontal cortex, and deep parietal cortices, but injury appears more extensive in the anxious vs non-anxious OSA group, suggesting a more severe impact from anxiety in those sites than the OSA condition alone.
Many sites affected in anxious OSA also serve respiratory control roles, especially breathing responses to emotion. The cingulate and insular cortices react to challenges inducing dyspnea [26, 27] , and activate to respiratory and blood pressure manipulations [19] [20] [21] [22] . Amygdala stimulation elicits negative emotions, including anxiety [23] , while single-pulse stimulation can pace breathing [51] . The hippocampus, anterior cingulate, and cerebellum respond to inspiratory onset after apneic pauses in central apnea [52] . The insula, cingulate, hippocampus, and cerebellar deep nuclei functionally respond to hypercapnia, suggesting modulation of chemoreception [53, 54] , and hippocampal single neurons discharge to breathing in humans [55] . The evidence suggests that structural deficits found in anxious OSA subjects involve brain areas that modify both emotion and breathing, and especially may be involved in the drive to breathe from perception of smothering, i.e., low oxygen or high CO 2 , inspiratory efforts with startle, or enhanced thoracic pressure in response to fear in preparation for escape. Because low O 2 or high CO 2 conditions accompany apnea, we speculate that ventilatory restoration after obstruction may be compromised with impaired, although perhaps unconscious, emotional contributions from low oxygen and hypercapnia caused by these damaged sites.
Pathological processes
Although mechanisms underlying tissue injury are unclear in anxious OSA subjects, two possibilities emerge. Some damage may emerge from stress-related hormones, while intermittent hypoxia or ischemia may also contribute. Increased cortisol results from stress induced by multiple means, including immobilization [56] , anxiety-like behavior [57] , and pain [58] ; levels are increased in elderly anxious populations [59] and young adolescents with persistent anxiety [60] . Cortisol acts on glucocorticoid (GC) receptors, and GC-induced neurotoxicity accompanying repeated episodes of apnea and anxiety can damage the hippocampus [61] , amygdala, and prefrontal cortex, all regions with high concentrations of GC receptors [62] . Hippocampal dendrites show reversible damage after a single GC exposure [63] , and repeated exposure may elicit injury.
The intermittent hypoxia accompanying OSA can affect neuronal cells, axons, and glia directly. In addition, hypoxia triggers endothelial cell dysfunction that may promote tissue injury in chronic stages.
Anxiety and depression
Depression is common in anxious subjects, and the two conditions share several symptoms, including disturbances in sleep, fatigue, and difficulty in concentration. The commonality of characteristics suggests sharing of neural anatomical deficits. Both anxious and depressive symptoms are frequently encountered in OSA subjects [3, 5] . Hypothalamic-pituitaryadrenal axis dysregulation may occur in both anxiety and depression, leading to brain injury through increased cortisol levels. Subjects with major depressive symptoms show structural and functional deficits in anterior cingulate, hippocampus, amygdala, and prefrontal cortex [64] [65] [66] [67] ; all these regions showed injury in anxious OSA subjects, and many appeared with depressive symptoms; pontine injury, expected in anxiety from earlier studies [68] , showed injury in depression [69] . However, brain areas, such as cerebellar structures typically affected in depression [70] , showed no structural injury in anxious OSA subjects. Regression analyses indicated that injury relationships to depressive signs or anxiety scores depended on laterality for cingulate structures, with depressive signs, together with age, related to right-sided and subgenu cingulate cortex, and the left hippocampus and amygdala, while anxiety scores, together with age, related to left cingulate, bilateral insular, and parietal cortices and nearby white matter. The overlap of structural deficits in depression and anxiety disorder suggests similar mechanisms operating to induce the injury.
High T2-relaxation values and tissue injury
T2-relaxation values increase with increased free water content in tissue [28] , in the absence of diamagnetic and paramagnetic substances. OSA subjects experience intermittent hypoxia from repetitive airflow cessation, and free water content may increase from sub-acute and chronic processes after intermittent hypoxia [29, 30] . Cerebral vasogenic edema results in increased free water content in extracellular space after intermittent hypoxia in sub-acute stages [71] . However, chronic stages of hypoxia, as well as hormonal contributions can lead to axonal injury, cell loss, demyelination, and gliosis, which reduce macromolecules and increases free water content in tissue, and thus, increased T2-relaxation values. T2-relaxation value differences between groups were close to, or greater than 10 ms. T2-relaxometry procedures are widely used to study pathological conditions, especially temporal lobe epilepsy, where 10 ms differences between control and affected sites showed pathologic evidence of hippocampal sclerosis [72] . The pathologic conditions here may include mild vasogenic edema, axonal loss, demyelination, and gliosis; the latter three pathologies may be more prominent than mild edema in chronic OSA patients with anxiety.
Clinical significance
The data suggest that processes involved in inducing anxiety symptoms are additive to brain injury associated with OSA. However, OSA may induce injury in areas that mediate the emotional characteristics, although precise mechanisms underlying the interaction of OSA and anxiety characteristics are unclear. Treatment for anxiety symptoms may alleviate the characteristics of both conditions. Certainly, evaluation of anxiety symptoms would be valuable in OSA assessment.
Limitations
We did not select for anxious patients for either the OSA or control groups. Thus, the numbers with anxious symptoms are small for both groups, and limits inferences, especially for anxious vs non-anxious controls. Despite the significant differences between groups, findings need to be replicated with larger samples. The necessity of evaluating the entire brain limited resolution of images, and hindered thorough brainstem evaluation. We normalized each subject's brain T2-relaxation maps into a common space for voxel-based T2-relaxometry procedures, a relatively inexact process between subjects, limiting precision to a few millimeters, with outcomes that vary, depending on brain area and degree of smoothing.
Conclusions
Anxious OSA subjects showed neural alterations in sites with roles in negative emotion, and have respiratory and autonomic regulatory functions. These structures include the amygdala, hippocampus, and cingulate, insular, and prefrontal cortices. Some sites lie outside structures typically affected by intermittent hypoxic or other injury accompanying OSA, suggesting that other injurious processes also operate in anxious OSA subjects. Additional brain-injured regions also appeared in anxious OSA vs non-anxious controls, including the caudate nuclei, anterior fornix, thalamus, internal capsule, frontal, and temporal cortices, suggesting these regions are primarily affected by the breathing condition. Evaluation of OSA patients for anxiety symptoms, and treatment of these symptoms together with the sleep-disordered breathing, may improve outcomes in OSA. Injury in hippocampus, amygdala, temporal and parietal cortices in anxious OSA, compared to non-anxious OSA subjects. Abnormal regions included the left hippocampus extending to amygdala (H, I), bilateral deep parietal cortices (E, G, J, K), and ventral temporal cortex (B). Comorbidities and other conditions in anxious and non-anxious OSA subjects. Fig. 1C, B 
